Several rst-principles surface and bulk electronic structure calculations relating to the nucleation and growth of single-wall carbon nanotubes are described. Density-functional theory in various forms is used throughout. In the surface-related calculations, a 38-atom Ni cluster and several lowindex Ni surfaces are investigated using pseudopotentials and plane-wave expansions. The energetic ordering of the sites for C atom adsorption is found to be the same, with the Ni(100) facet favored. The bulk diffusion coef cient of C in Ni as a function of cluster size and temperature is calculated from various molecular dynamics approaches. In another group of bulk-related calculations, Gaussian orbital basis sets are used to study a cluster or " ake" containing 14 C atoms. The ake is a segment of three hexagons from an "unrolled" carbon nanotube, with an armchair termination. The binding energies of C, Ni, Co, Fe, Cu, and Au atoms to it were calculated in an effort to gain insight into the mechanism for the high catalytic activity of Ni, Co, and Fe and the lack of it in Cu and Au. The binding energies of Cu and Au are about 1 eV less than those of the three catalytic elements. Similar methods are used to study the initial stages of nanotube growth within the context of classical nucleation theory. Finally, issues relating to the establishment of a fundamental catalytic mechanism are addressed.
INTRODUCTION
The importance of nanoscience to advanced materials development and the potential opportunities and bene ts to be derived from it have been repeatedly emphasized during the last decade and need not be discussed here. Within the nanoscience area, carbon nanotube (CNT) research is arguably the most likely to yield dramatic near-term results if certain issues can be resolved. Paramount among these issues is the role of the metal catalyst, which is still unclear even for the simplest growth technique. In fact, the wide variety of experimental conditions under which nanotubes grow suggests that there may be more than one set of physical and chemical processes by which the catalyst carries out its function, even if the fundamental catalytic step is the same. Many groups using both phenomenological, continuum models [1] [2] [3] [4] [5] [6] and rst-principles calculations of various types, [7] [8] [9] [10] [11] including molecular dynamics (MD), have explored nanotube nucleation and growth. However, the role of the catalyst has been dif cult to resolve because of the inherent limitations of the techniques that must necessarily be used. The continuum models do not have the atomicscale spatial resolution that is needed, satisfactory metalcarbon potentials for classical MD simulations are not yet available, and quantum mechanical MD simulations are still too computer-intensive to allow identi cation of an elementary dynamical process that might be common to the different growth techniques (e.g., laser ablation, arc fusion, and chemical vapor deposition).
We have recently begun a multiscale simulation research effort to understand the fundamental aspects of the nucleation and growth of CNTs. Our objectives are to develop and apply a suite of advanced computational techniques and computer programs to carry out the simulations. The techniques span multiple time and space domains and use continuum heat and mass transport, rst-principles electronic structure, MD, and molecular mechanics calculations. At this workshop, we report on our initial work in both the continuum (mesoscale) and atomistic simulations. Pannala and Wood cover the continuum work in another article in this issue. Here, several different types of rstprinciples surface and bulk electronic structure calculations are described. We emphasize that we are still at the early stages of this work and the calculations are of a somewhat exploratory nature and also cover a number of different topics that may not seem related at rst sight.
The plan of the article is as follows. In the surfacerelated work of Section 2, a 38-atom Ni cluster and several low-index Ni surfaces were studied with computational methods based on density-functional theory (DFT) using a plane-wave formalism with ultrasoft pseudopotentials. The binding energies of a C atom on various Ni surfaces and the corresponding facets on the Ni cluster were obtained. The work related to bulk processes is described in Sections 3 to 5 Although the calculations are generally based on DFT, we used Gaussian orbital basis sets rather than plane-wave expansions. In Section 3, MD calculations of the bulk diffusion coef cient of C in Ni clusters are presented. As described in Section 4, the binding energies of C, Ni, Co, Fe, Cu, and Au atoms to this ake were calculated in an effort to gain insight into the mechanism for the high catalytic activity of Ni, Co, and Fe and the lack of it in Cu and Au. In Section 5, rst-principles calculations that obtain certain quantities appearing in the classical nucleation theory of nanotube growth are described and compared with experimental continuum results. In a suggested nucleation scenario, the role of the transition metal ions is to complete the dangling bonds of the ake and so counteract the strain energy introduced by deforming the ake into the nanotube caps. The calculations indicate that the binding energies of Cu and Au to the C ake are about 1 eV less than those of the three catalytic elements, with the un lled d shells clearly playing a role. Quantities related to the so-called "scooter" mechanism of nanotube growth are discussed in Section 6. The article ends with a short section summarizing the main results and pointing out future directions.
ADSORPTION ENERGETICS ON SURFACES
An important common feature in the synthesis of singlewalled carbon nanotubes (SWNTs) is that small clusters of certain transition metals (TMs) (e.g., Fe, Co, and Ni) and rare earth metals (Y and La) or their mixtures are used and found to be essential in a high-yield SWNT formation. The morphologies of grown SWNTs are directly related to the particle size. Despite intensive experimental and theoretical studies in the eld, the fundamentals of SWNT catalytic growth are still unclear. Questions to be answered include why clusters are effective catalysts rather than extended surfaces. One obvious difference is that a cluster has a variety of facets. The facets may play complementary roles in the catalysis process: one could control feedstock decomposition, whereas others may serve to promote nucleation. To understand these fundamentals, it is worthwhile to determine which facet is the preferred adsorption site for a carbon atom on TM clusters. Such information is dif cult to obtain from experiments but is readily available
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from theoretical analysis. In addition to their interest for SWNT nucleation, studies of TM clusters are of broad scienti c interest due to their intrinsic role in heterogeneous catalysis and nanoscale magnetism.
Here we consider Ni and compute adsorption energies (i.e., bonding energies) of C nucleation on Ni surfaces by rst-principles methods. We shall focus on the adsorption of 1 C atom on a 38-atom Ni cluster and several low-index Ni surfaces. Information on adsorption energies on TM surfaces serves as a probe of the electronic structure of the TM system and an excellent opportunity for comparison between experiment and theory. The Vienna ab initio simulation package, used in the calculations reported in this section, uses DFT under the generalized gradient approximation (GGA) for the exchange-correlation functional using the plane-wave formalism with Vanderbilt ultrasoft pseudopotentials for both Ni and C.
12-14 A kinetic-energy cutoff of 21 Ry is used for the wave functions. For the GGA functional, we used the PW91 15 scheme, which gives satisfactory results in many studies of strong adsorptions on metal surfaces, 16 and we neglected, for the present purposes, the spin degree of freedom, because we are interested here in the general trend of binding energies. 17 As a test of the accuracy of our approach, Ni 2 21 These were obtained by incorporating the effects of nonlinear core-correction in the description of the atoms. 22 The Ni 38 cluster geometry was completely relaxed, beginning with an initial geometry with truncated octahedral symmetry. The local optimization procedure maintained this high symmetry without the imposition of constraints. Although the size of the cluster is relatively small, it preserves many crystalline features with three unique, stable adsorption sites. One is the hollow site on the (100) facet. The remaining two are face-centered cubic (fcc) and hexagonal close-packed (hcp) sites on the (111) facet (Fig. 1) . The binding energies of a C atom on these three facets on the Ni cluster and on corresponding low-index Ni surfaces are presented in Table I . The magnitude and ordering of the absorption energy with respect to the adsorption site are essentially the same for the cluster and the surface. Typically, nanoclusters are more reactive than surfaces because of reactive edges with morphologies different from those of surfaces. Given the apparently large differences of the two types of substrates (e.g., surface curvature and presence of defect sites), this result is notable and supports the concept of locality of bonding of C atoms to TM substrates.
The similarity of C binding energies between Ni 38 and Ni surfaces is qualitatively consistent with available experimental results, 17, 23 but, as anticipated, our DFT calculations overpredict binding energies relative to experimental values. The binding of C to Ni (100) surfaces has been measured and a value of 7.35 eV was found. 24 Recently, the binding of C to Ni n cluster cations has been measured for 2 # n # 16 25 using guided ion beam techniques similar to those used for C bonding to Fe n cluster cations. 26 (One expects the C-Ni n bond energies between neutral clusters and cluster cations to be very much the same.) As discussed in Ref. 26 for Fe 1 n , the most striking observation in the binding of C to Ni 1 n is that the values for n $ 5 are large and do not vary appreciably (e.g., for 5 # n # 16, the average measured binding energy is approximately 6.5 eV). 25 The binding energy as a function of cluster size varies strongly for n , 5, and then saturates for n $ 5 to values very close to those for C binding to bulk Ni surfaces. This behavior may be understood in terms of simple bond ordering and atom coordination arguments. 24, 26 
BULK DIFFUSION OF C IN Ni CLUSTERS
Classical and quantum MD were used to determine the diffusion coef cients of C in Ni clusters as a function of cluster size and temperature. Clusters of 38 to 2000 Ni atoms were generated by optimizing the geometry governed by a semiempirical potential energy surface obtained from a combination of quantum chemistry calculations and experimental data. The simplest form of the potential used only two-body functions for Ni-Ni, Ni-C, and C-C interactions. The functional form was
where
, and a(C-C) 5 2.2 Å
21
. These parameters were derived from ab initio quantum simulations 27 using DFT (B3LYP 6-311G**) and combined with available experimental data. 28 The numeri- cal techniques used the local spin density approximation and Gaussian orbitals as implemented in the NWChem software collection. 27 Although this potential energy surface is clearly an oversimpli cation of the actual multibody forces involved, it provides a reasonable approximation of the dominant forces that govern molecular diffusion. Other forms of the potential energy surface that were considered included the use of many-body functions of the form:
where is the bending angle between a three-atom sequence and ½ is the dihedral angle between a four-atom sequence. Nonbonded interactions were modeled by a Lennard-Jones 6-12 potential plus a Coulomb contribution:
Here, q 1 and q 2 are effective charges and « o is the dielectric constant.
The parameters for the potential functions were taken as de ned by the Dreiding-type potential. 29 The accuracy of the Dreiding II force eld has been thoroughly tested by comparison with 76 accurately determined crystal structures of organic compounds involving H, C, O, F, P, S, Cl, and Br; rotational barriers of a number of molecules; and relative conformational energies and barriers of several others. This potential is a reasonable starting point for examining the effects of multibody interactions on the diffusion of C in Ni. For all of the classical potential energy surfaces, Hamilton's equations of motion were solved using symplectic integrators (with 1 fs time steps), which ensure robust integration for nearly any time scale.
We considered various cluster sizes, Ni n , with n within the range of several hundred atoms. As an example, the results of the diffusion studies for Ni 257 are summarized in Figure 2 . Reasonably good accord for large nickel clusters was found with experimental bulk diffusion data for metallic carbide systems at room temperature. Somewhat surprising is the fact that the simplest potential energy surface (two-body interactions only) was quantitatively able to predict these data. Similar observations have been reported recently by Lee et al., 30 for the melting behavior of metallic clusters. The dependence of the diffusion coef cient on temperature shows the typical Arrhenius law behavior for higher temper-
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atures. At lower temperatures, the available energy was not suf cient to overcome the small activation barrier, 0.48eV, and the C atoms basically vibrate in local energy minima.
Semiempirical MD calculations were also used to examine the diffusion process of C in small Ni clusters. In this study, semiempirical quantum mechanics [31] [32] [33] [34] was used (AM1 31 for C-C interactions and ZINDO 34 for Ni atoms) to compute the instantaneous potential of the Ni cluster and C atoms for each MD integration time step. Although semiempirical methods require less computer resources than ab initio methods, they are still computationally intensive. As such, only small nickel clusters (Ni 38 ) were studied using this technique. In these simulations we examined the molecular mechanism for diffusion of multiple C atoms within a given Ni cluster.
One interesting but not terribly surprising observation was that as the amount of carbon increased, the diffusion coefcient decreased independent of temperature. Examination of the dynamics associated with this phenomenon revealed that the C atoms tend to diffuse to other C atoms within the Ni cluster and form carbon dimers and trimers. Further examination showed that these multi-carbon atom clusters were actually chemically bonded, having the typical vibrational frequency of a C-C (diatomic) or C-C-C (triatomic) molecular fragment (as determined from the semiempirical quantum simulations). As evidence of clustering, we show in Figure 3 a plot of the C-C distance as a function of time. The convergence of this distance to the carbon dimer bond length is consistent with bond formation). The formation of these small carbon fragments might indicate the initial process involved in the overall growth of CNTs catalyzed by transition metals.
CARBON-METAL "FLAKE" CALCULATIONS
In this section, a number of energies needed in the calculations to be described below are calculated from rst principles. We begin by considering small, attened " akes" that may be viewed as having been cut from an unrolled nanotube. The akes are two-dimensional, and none of the strain energy due to rolling-induced curvature has been included in the calculations. Initially, we followed Lee et al., 8b and chose a ake consisting of ve carbon hexagons, as shown in Figure 4a . After establishing that our results agreed well with those of Ref. 8b, in which similar computational approaches were used, the ake size was cut down to the three hexagons (14 C atoms) shown in Figure 4b so that a large number of calculations could be carried out on an accelerated basis. The agreement between results for the ve and three hexagon calculations was than those of the other metal atoms, which are about 1 2 eV less than that of a C atom (also in the pentagon position). These differences are too large and consistent with each other to be the result of the computational approximations that were made. Consequently, we view them as a reliable guide to the relative interaction energies of the metal atoms with the carbon akes.
CLASSICAL NUCLEATION THEORY FOR NANOTUBES, AND THE CONNECTION WITH FIRST PRINCIPLES CALCULATIONS
Background
It has been demonstrated by Tománek and co-workers 35 that the use of concepts and approximations from classical elasticity theory is surprisingly fruitful even in work on nanostructured materials such as CNTs. In a recent paper by Kuznetsov and co-workers, 6 classical nucleation theory, elasticity approximations, and thermodynamical analysis were used to study the formation of critical nuclei for CNT formation. To set the stage for this section and introduce the ideas we are interested in here, certain aspects of their work are brie y summarized. We then show how rstprinciples calculations of the type discussed above can be used to estimate some of the relevant quantities entering the continuum calculations. This is the objective of the discussion, and no attempt will be made to calculate the critical radius, or nucleation rate, at this time.
In Ref. 6 , the change in the Gibbs free energy, DG, for the formation of a thin carbon nucleus is expressed as a sum of several terms. For a circular nucleus of radius r and height h, it is convenient to make the r-dependence of DG explicit by writing
The rst three terms are relatively straightforward and have the following de nitions:
DG bulk is related (within a constant) to the change in free energy when 1 mole of C precipitates out from the metalcarbon solution. For a SWNT, it is not clear how it should be treated, but it would appear to be related to the reordering of the in-plane bonding not associated with any edge or surface effects.
DG edge is the energy that arises when the dangling bonds at the edge of the ake are lled by interaction with the metal catalytic particle. This requires that the ake be bent, which introduces strain.
DG st is the energy introduced by the above strain. DG ad is closely related to the adhesion of the carbon embryo to the catalytic metal particle from which it is being lifted, but the interaction of the top surface of the ake with the ambient gas is also to be included.
Wells et al./Multiscale
Simulations of Carbon Nanotube Nucleation and Growth J. Nanosci. Nanotech. 2004, 4, 414-422
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excellent. The main reason for this agreement is probably that the C bonds, as in many organic systems, are quite well localized and therefore additive to a good approximation. The initial set of calculations consisted of adding C, Cu, Au, Ni, Fe, and Co at the indicated site on Figure 4b to form a pentagon. The main purpose of these calculations was to determine whether there are any clear differences between metals that are good catalysts and those that are not. From a more general perspective, the formation of pentagons in the hexagonal graphitic network has been shown to be a key element in the nucleation of carbon nanotubes, "onions," and cones. 9 The numerical techniques used the local spin density approximation and Gaussian orbitals as implemented in the NWChem software collection. 27 The simple Slater exchange functional was used and the Gaussian-type orbitals for the carbon atoms came from the standard 6-311G basis set. An effective-core potential approach used the CRENBL basis set with the following number of electrons treated by the effective potential: Cu(10), Au(60), Ni(10), Co(10), and Fe(10). The NWChem suite of programs is freely available and the part we utilized is quite similar to the commercially available software used in Ref. 8b . Table II shows the results of the binding energy calculations for the metals indicated. Because the ake is envisioned as having been cut from a SWNT, no effort was made to carry out a general energy minimization with respect to all atomic displacements. Instead, the ake was assumed to be at, and energy minimization was carried out only with respect to displacement of the metal atoms in the y direction. With the following de nitions, E(A) -energy of isolated A atom, E(C N ) -energy of a planar " ake" with N carbon atoms, E(C N , A) -energy of C N ake plus 1 A atom, the binding energy of an A atom to an N atom carbon ake is given by
The sign convention has been chosen to make E b positive. It can be seen from Table II that the binding energies of the Cu and Au atoms into the pentagon are about 1 eV less where, as before, E (C) is the total energy of an isolated C atom.
Because of the mixture of pentagons and hexagons in the C 60 molecule, the environment of each carbon atom is not quite the same, even though the 3-fold coordination holds at each site. The average binding energy per C atom in the C 60 molecule was found to be 8.26 eV/atom. There are no dangling bonds in this structure.
By contrast, E b (bb/2) of the unrelaxed hemispherical cap was found to be only 7.16 eV/atom, almost 1 eV less than that of C 60 . There are 6 pentagons, 5 completed hexagons, and 10 dangling bonds in the cap. The dangling bonds introduce a large energy not directly related to the strain and this must be subtracted out for all those structures having such bonds. This was done in the following way.
The binding energy of the two halves of a buckyball to one another comes from the elimination of the 10 dangling bonds. To nd it, the difference in energies between the complete C 60 and the sum of its two separated halves is calculated; that is,
DE was found to be 6.59 eV/bond. This is a key number for subtracting out the effects of the dangling bonds and arriving at the pure strain energy in our simpli ed approach. In the next step, the binding energy, E b (C 30 ), of a at, almost circular ake containing 30 C atoms was calculated. There were 14 dangling bonds in the structure we used, but no strain. E b (C 30 ) was found to be 7.20 eV/atom. Despite the larger number of dangling bonds, the average energy per bond is just slightly greater than it is in a half buckyball. This re ects the in uence of strain in the latter, curved structure.
Finally, the contributions of the dangling bonds to the curved and at structures can be subtracted out from E b (bb/2) and E b (C 30 ) and the strain energy, E st , de ned as the difference between the remaining energies, can be computed. This gave for E st a value of 25.2 eV. The circumference of the cap is 2.2 nm so the strain energy/unit length from this calculation is 11.4 eV/nm. In Ref. 6, the strain energy was estimated from elasticity theory to be given by Q c l/4.5h, with l being the edge length, Q c 5 4.4 eV, and h 5 0.34 nm, the interlayer spacing in graphite, which is very nearly the radius of C 60 . With l 5 2.2 nm, this expression gives 6.3 eV/nm for E st . However, the value obtained in Ref. 35 of E st ,22 eV is much closer to our result.
Estimates of Edge Free Energy
The simplest estimate for the edge free energy of the hemispherical C 30 cap just puts the edge atoms in the pentagon position of Figure 4b and uses the indicated binding energies from Table II . Because there are 10 dangling bonds, an
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These terms in slightly different form are discussed in some detail in Ref. 6 , in which an expression for the critical radius of the nucleus is found in the usual way by minimizing DG with respect to the radius. This gives r crit = (DG edge 1 DG st )/2 (hDG bulk 1 DG ad ) (6) It can be seen that whether or not it is possible for nucleation to occur depends on the relative magnitudes of DG edge and DG st . If the energy gained by satisfying the dangling bonds on the edge of the small nucleus is greater than the energy increase associated with the introduction of the bending strain, nucleation may occur; otherwise it de nitely will not. These are the only two terms we will be concerned with here, and no attempt is made to calculate the critical radius itself for this article; we hope to do so at a later date.
Calculation of Strain Energy Due to Pentagon Formation
We rst consider the strain energy DG st introduced by the closure of a SWNT of ,0.7 nm radius by a C 30 cap; DG edge will be considered in the next subsection.
The total binding energies of the 60 C atoms in the C 60 buckyball and of the 30 C atoms in one-half of an undistorted buckyball, shown in Figure 5 , were rst calculated. These are given by
and E b (bb/2) 5 2{E tot (bb/2) 2 30*E (C)} (8) edge energy for Ni, for example, of 58.7 eV is found. After dividing by the circumference, the speci c edge energy of 26.7 eV/nm is obtained (and essentially is the same value for Fe and Co). This is likely to be an overestimate for two reasons. First, it provides an almost ideal bonding, from the standpoint of cap formation, of the Ni atom to the C ake and ignores all geometrical considerations associated with tting the circular nanotube onto the planar catalytic particle. Secondly, an examination of a buckyball model quickly shows that to complete the dangling bonds simply by adding Ni atoms at pentagon sites would seem to put some of the Ni atoms too close together. Nevertheless, the estimates of the edge free energies from Ref. 6 , using thermodynamic data for Fe, Ni, and C give 18.6 eV/nm for Ni and 23.8 eV/nm for Fe, quite close to our calculated values. For Cu and Au we obtain, respectively, 23 and 22 eV.
Critical Radius
Calculation of DG edge 1 DG st from Eq. 6 for the critical radius gives ,1.5 eV/nm for Fe, Co, and Ni and ,22.5 eV/nm for Cu and Au. The negative value means that a stable nucleus will not form for Cu and Au. Although these results are exactly what is needed to explain the occurrence, or lack thereof, of nucleation for these elements, the calculations are still too simpli ed and approximate at this point to be de nitive. As stated above, we hope to pursue this matter further at a later date.
We conclude that there is very encouraging agreement between the results based on the atomistic rst-principles and the continuum elasticity/thermodynamics mesoscopic calculations. More importantly, the results may be pointing the way to an understanding of the CNT catalytic mechanism. Also, although there are no dynamics explicitly involved in the calculations, they do represent an elementary type of multiscaling that may be implemented in more detail as needed.
FUNDAMENTAL CATALYTIC MECHANISM
Ideally, we would like to argue that there is a fundamental catalytic mechanism that operates regardless of the method for forming the SWNTs and then, of course, to be able to identify it. Although this goal is still elusive, some of our results may represent progress in reaching it. In this connection, and as discussed below, our results are consistent with aspects of the mechanism proposed by Smalley, Tománek, and co-workers in Ref. 8. In this scenario, the primary role of the catalyst is to prevent the formation of pentagons of C, which, as seen above, would introduce curvature, cause the nanotube to become capped, and cause growth to cease. This model assumed that the concentration of Ni was small compared with that of C and that a single Ni atom could organize the growth of the nanotube by "scooting" around 
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the circumference of the tube. Consequently, it is sometimes referred to as the scooter model. In our approach, the nanotube is always growing out of a relatively large catalytic particle, and there is no need to invoke the scooting action.
Binding of Pentagons to Hexagons
In this subsection, the binding energies of carbon and metal atoms in a hexagon con guration are compared with their energies in two separated pentagon sites, as illustrated in Figure 6 . To calculate the hexagon energies, E h , a C atom was put at a normal hexagon site in a 16-atom ake. A metal atom was placed at the other hexagon site (lighter circle in Fig. 6b ). Exploratory calculations were carried out by rst moving the metal atom in the x direction and then in the y direction. The sensitivity of the binding energy to displacements of the metal atoms in the x direction was not great and the C-M x separation was subsequently xed at 0.9 A rather than the C-C equilibrium distance of 0.71 A (which is still a substantial increase in this separation). The metal atoms were then displaced in the y-direction and the minimum energy with respect to this displacement was found. This generated the curves of E h (x) shown in the various panels of Figure 7 . The curve for Co overlaps almost completely that for Ni and is not given.
The panels also show, as a horizontal line, the energies, E p , of two well-separated pentagons (one with C and one with a metal), as given by
with E b (C) and E b (M) taken directly from Table II . It can be seen that for all the metals except Cu and Au, the E h curves drop below the E p lines, signifying that in these Fig. 6 . Two well-separated pentagons, one with a C atom and one with a metal atom, may combine to form a distorted hexagon if the total energy can be lowered in that way.
RESEARCH ARTICLE
cases it is energetically favorable to have the metal in the hexagon con guration. These results are summarized in Table III in which the energy differences DE 5 E h 2 E p are also given. DE . 0 means that the C-M hexagon is stable against breakup into the two pentagons. The results obtained above for Ni are quite consistent with those reported by Tománek and co-workers in Ref. 8 for their ve hexagon akes. Here, however, this type of calculation has been extended to several other metals, and the results are consistent with our ideas about the catalytic activity of the various metals.
Although the results to this point are encouraging, what is needed now is to show the actual functioning of the catalytic atoms by carrying out MD simulations along the lines indicated in Section 3 for the diffusion coef cient. To do this will require going well beyond what has been described here.
SUMMARY, CONCLUDING REMARKS, AND FUTURE DIRECTIONS
The binding of a C adatom on various Ni surfaces and Ni cluster facets was calculated using DFT, and the magnitude and ordering of adsorption energies for the sites for C atom adsorption on both Ni 38 cluster and the extended Ni surfaces are essentially the same. Both Ni 38 cluster and low-index Ni surface results show that the (100) site is favored. These computational results are qualitatively consistent with experimental results for binding of C to Ni clusters and low-index Ni surfaces. A preliminary explanation may be found in the local bonding character of carbon, 24, 26 and the well-de ned facets on Ni 38 . We expect that this preference sequence and the adsorption energy at the most stable site should also be maintained for larger Ni clusters. Even though this information is only available via theory, it does not directly answer questions such as why clusters, rather than extended surfaces, are effective catalysts for SWNT growth. To address this in future work, we will compute adsorption and diffusion energetics of C on smaller Ni n and Fe n clusters for n , 2 to 10, where it is known that the bonding energy varies strongly with cluster size. 25, 26 There is some evidence supporting the idea that these small clusters provide important catalytic activity in the HiPco process. 36 However, contrasting points of view exist in which the important catalytic activity in the HiPco process occurs for metal clusters of diameter near 1 nm. 37 MD calculations were used to study bulk diffusion of C in Ni clusters as a function of C concentration and temperature. The diffusion coef cient shows the expected exponential increase with temperature at high temperatures. It decreases as the C concentration increases due to clustering of the C atoms within the Ni. Electronic structure calculations of the binding energy of various metal atoms to a 14-atom C ake show that Au and Cu are less tightly bound than Ni, Co, and Fe by about 1 eV. Calculations on C 60 , C 30 , and a 30-atom planar array allow the strain energy due to cap formation to be determined. The edge energy that arises from the completion of dangling bonds is then calculated. These quantities are compared with values obtained from a determination of the classical nucleation theory of CNT growth. Finally, comparison of the binding of a carbon and a metal atom in a hexagon to that in separated pentagons indicates that for the catalytic metals the hexagon is stable against the breakup into two pentagons. This may provide a mechanism for preventing nanotube closure due to stable pentagon formation, as has been suggested in Ref. 8 .
The future directions of this research are expected to evolve along the following lines. In the surface related work, the surface diffusion coef cient of C on Ni as a function of temperature will be calculated. Following the strategy already used in the ake calculations, differences between the computed results for the good (Ni, Fe, and Co) and the bad (Au and Cu) catalysts will be sought and correlated with their catalytic activities. Particular emphasis will be put on small (,5 atom) clusters. The work on bulk diffusion will continue to investigate the construction of suitable Ni-C interaction potentials for MD calculations. The interaction of C atoms to form clusters in the bulk and at the surface of the Ni particles will be studied. The formation of ring segments at or near the surface will be of particular interest.
It should be fairly straightforward to extend the calculations to do a more complete job of relating the elasticity and thermodynamic parameters to rst-principles calculations. This will involve calculating DG bulk and DG ad in Eq. 6. However, we must rst determine exactly what DG bulk corresponds to because it is clearly not just the bulk binding energy of a C atom in a hexagon. Most likely it is the energy released when an amorphous-like C layer reorders to form a hexagonally bonded lm.
For the basic catalytic mechanism discussed in Section 5, a reliable molecular dynamics simulation will eventually be required. A rst step in this direction will be to use the interaction potentials already obtained in the bulk calculations of Section 3. The focus will be on trying to identify a rate-determining step that can be compared with a modi ed scooter-type mechanism.
